Diminished ovarian reserve (DOR) is defined as decreased number or quality of follicles and oocytes in a woman at childbearing age. It is estimated that up to 10% of women in the general population may suffer from DOR. This study aims to comprehensively characterize microRNA (miRNA) and Piwi-interacting RNA (piRNA) expression profiles in cumulus cells of DOR patients. Cumulus cells were collected from 20 women of similar chronological age who received assisted reproductive technology treatment: 10 with DOR and 10 with normal ovarian reserve (NOR). The small RNAs were extracted from each sample and reverse transcribed. Deep sequencing and bioinformatic analysis were performed to identify the small noncoding RNA profiles. The rRNAs were the most abundant small RNA class in cumulus cells derived from human MII oocytes, following were miRNAs and tRNAs. Twenty-six piRNAs, 79 annotated miRNAs, and 5 novel miRNAs were identified differentially expressed. In DOR group, the chromosomal strand bias patterns of piRNAs on chromosome 1, 3, 5, and X were distinct from its counterpart in NOR group. The involved biological pathways from the putative target genes of differentially expressed miRNAs were enriched by using GO analysis and KEGG pathway annotations, and mTOR pathway and meiosis-associated biological processes were enriched. This study provided additional information on the dysfunctions of cumulus cells in patients with diminished ovarian reserve. Future investigations will involve the characterization of specific functional roles of noncoding small RNA in ovarian reserve regulation.
Introduction
Diminished ovarian reserve (DOR) is often referred to as decreased number or quality of follicles and oocytes [1, 2] . Clinically, DOR is characterized by decreased antral follicle count (<5), elevated level of basal follicle-stimulating hormone (FSH > 10 IU/L on cycle days 2 to 3), or decreased anti-Muellerian hormone (AMH < 0.5-1 ng/mL) [2] . DOR is regularly observed in young women, especially in young women with unexplained infertility [3, 4] . About 10% of women seeking the benefits of assisted reproduction technology are affected by DOR [1, [5] [6] [7] . Studies also suggest that in women of similar chronological age, declined ovarian reserve might be associated with an earlier age at natural menopause [2, 8] . DOR in young women reflects a prematurely decreased number of ovarian follicles and an accelerated process of the normal physiological decline in ovarian function.
Ovarian follicle is an exquisite structure consisting of oocyte, cumulus cells (CCs), granulosa cells, and theca cells. The oocyte and the CCs bidirectionally communicate via gap junction channels through the whole process of follicle development [9] [10] [11] . Studies suggest that altered metabolism of CCs may be involved in the decline of ovarian reserve [12, 13] . Most recently, significant differences on mRNA expression profile were identified between CCs from women with DOR and those from women with normal ovarian reserve (NOR) [6] , proving that the dysfunctions of DOR CCs could be at transcriptional level.
Small noncoding RNAs, including microRNAs (miRNAs), Piwiinteracting RNAs (piRNAs), and endogenous small interfering RNAs (endo-siRNAs), play essential roles in mammalian development [14] [15] [16] . Micro RNAs are 20-24 nucleotide single-stranded RNAs derived from hairpin pri-miRNA precursors [17] . Mature miRNAs act as post-transcriptional regulator by binding imperfect complementary sequences in 3 -UTRs of target mRNAs. Thus, not only can an individual miRNA regulate hundreds of different mRNAs but multiple miRNAs can also target a single mRNA [18] . Piwiinteracting RNAs are 26-31 nucleotides in length and guide Piwi proteins to modulate gene expression in a sequence-specific manner [19, 20] . Small interfering RNAs, which are 21-26 nucleotide double-stranded RNAs, are cleaved from longer dsRNA intermediates which derived from various genomic locations [18] .
Small noncoding RNAs express in tissue-or cell-specific patterns; piRNAs are especially abundant in gonads. They are proven to be critical to many aspects of plant and animal gene regulation, including development [21, 22] , differentiation [23, 24] , and proliferation [25] . Work on the first identified member of the Argonaute gene family, the Drosophila gene piwi, determined that its germline function depends on the somatic cells of the gonad [26] . Additionally, groundbreaking studies in lower eukaryotes have demonstrated a conserved function for PIWIs and their associated piRNAs in somatic cells [27] .
Works on miRNAs in CCs also support the regulatory role of miRNAs and their targeted pathways in ovarian function [28] [29] [30] .
Despite the critical biological roles of functional small RNA, little is known about the role of small RNAs in ovarian follicle development and oocyte development. This study aims to identify differentially expressed piRNAs and miRNAs in CCs of DOR patients and patients with NOR. By using next-generation sequencing (NGS) technology, we characterized the small noncoding RNA expression profiles of CCs from women with DOR and NOR. Significant differences of miRNAs and piRNAs were identified. This study suggests that miRNAs and piRNAs in CCs may be involved in regulation of follicle reserve and shed some new light on the diagnosis and treatment of DOR.
Materials and Methods

Ethics
Approval for the study was obtained by the ethics review board of Anhui Medical University (No.20160115) and informed consents for medical research and publication were obtained for all subjects.
Subjects
Cumulus cells were obtained from women with DOR group and women with NOR group of comparable age (<38 years old) undergoing ovarian hyperstimulation for IVF cycles (Table 1) . A total of 20 women were recruited, and the clinical characteristics are presented in Table 1 . Follicular development was monitored with transvaginal ultrasound during the ovarian stimulation process. All patients were administered human chorionic gonadotropin (10 000 IU Pregnyl, New Jersey; Organon or 0.25 mg Ovitrelle; Serono, Geneva) 34-36 h prior to ultrasound-guided transvaginal oocyte collection.
Cumulus oocyte complexes were washed in oocyte aspiration medium (Vitrolife, Sweden) and trimmed with a 30-G needle. The CCs were collected and pooled after centrifuging at 15 000 g for 8 min and were immediately frozen in liquid nitrogen until use.
Library construction and sequencing
Library construction and sequencing was performed at BGI Shenzhen. For NGS analysis of small RNAs, total RNA from CCs of each sample was extracted using TRIZOL reagent according to the manufacturer's protocol (Invitrogen, USA). These RNA samples were pooled respectively from DOR and NOR patients (Supplemental Table S1 ). The concentration of RNAs was measured by NanoDrop, and the RNA integrity was checked on Agilent 2100. For each sample, 200 ng of total RNA was used to prepare small RNA libraries for deep sequencing according to the manufacturer's instructions (Illumina, USA). The small RNAs were reverse transcribed by reversetranscription polymerase chain reaction (RT-PCR). Then, the purified cDNA libraries were sequenced by the Illumina Hiseq 2000 (Illumina, San Diego, CA, USA) with 50-base pair single reads according to Illumina's protocol.
Bioinformatic analysis of deep sequencing data
The small RNA NGS data were analyzed by the previously published tool, CPSS [31] . After trimming the adaptor sequences, filtering lowquality reads, and cleaning up contaminated reads, CPSS counted the occurrence of each unique read as a tag, and mapped these tags to the human genome using SOAP2.0 [32] . Tags with perfect match or one mismatch were retained for further analysis. The mapped tags were then aligned against miRBase [33] , Rfam [34] , repeats database [35] , GenBank noncoding RNA database (http://www.ncbi.nlm.nih.gov/), piRNA database (downloaded from NCBI Nucleotide database), and the coding region of reference genome [36] , and were classified as miRNA, piRNA, other noncoding small RNA, mRNA, genomic repeats, or unclassified reads if they cannot be assigned to any of the groups mentioned above. For tags that can be mapped to the reference genome but cannot be assigned to any of the referred annotations, mireap (http://sourceforge.net/projects/mireap) and miRDeep [37] were employed to predict novel miRNAs, and RNAfold (http://rna.tbi.univie.ac.at/) was used to predict the secondary structure of the potential miRNA precursors. The known miRNAs were detected from the mapped tags by aligning them to miRBase.
For multiple mapping reads (e.g. miRNA families), the number of reads for each tag is divided by the number of its mapping loci. The expression values of unique mapping reads are normalized based on the absolute number of mappable reads (normalized counts are displayed as reads per million, RPM), to determine differentially expressed small RNAs [31] . The expression profiles of small RNAs were presented as volcano plots (Figure 1 and Supplemental Figure  S1 ). All data obtained via NGS in this study are available in the ArrayExpress database (accession number: E-MTAB-3913). Prediction tools for miRNA targets, including miRanda [38] , MicroCosm [33] , microT_v3.0 [39] , MirTarget2 [40] , miRNAMap [41] , TargetScan [42] , TargetSpy [43] , and RNAhybrid [44] , were employed to predict target genes of differentially expressed miRNAs. A gene would be determined as a target gene only if it fitted all of the three following rules: (i) perfect match at the seed region (2-8 nt from the 5 end of the miRNA); (ii) the minimum free energy of the miRNA/target duplex should be ←20 Kcal/mol; (iii) the total score for a miRNA-mRNA pairs should be >140 [45] .
The predicted target genes of differentially expressed miRNA were analyzed by Gene Ontology (GO) terms [46] . The hypergeometric test was employed to extract enriched biological processes of the target genes mapped to the GO annotation dataset. The GO terms with ratio of enrichment >2 and p-value < 0.05 were identified as key terms and subjected to following analysis.
The enriched genes (enrichment ratio > 2 and p-value < 0.05) were matched to the signaling pathway annotation dataset downloaded from KEGG [47] .The Fisher exact test on hypergeometric distribution was used to extract the enriched pathway (enrichment ratio > 1.5 and p-value < 0.05).
Validation of deep sequencing data by quantitative reverse-transcriptase polymerase chain reaction
Quantitative real-time RT-PCR analysis was employed to validate small RNA expression profiles derived from deep sequencing. Expression changes for 15 miRNAs and 12 piRNAs were determined by using a StepOne Real-Time PCR System (Applied Biosystems) and a FastStart Universal SYBR Green Master (Roche) (Supplemental Table S2 ). Primer efficiencies were determined by standard curve. Relative expression level of miRNAs or piRNAs was calculated by efficiency-corrected Ct method, normalized to the endogenous control U6 snRNA. Samples from both group were measured in triplicate, and the experiment was repeated for three times.
Results
Small RNA profiling
After discarding the adaptor sequences and low-quality reads, we obtained 10 296 003 (NOR) and 10 428 246 (DOR) clean reads ( Table 2 ). The length of these clean reads varies from 18 to 40 nt with the distribution peak at 22 nt (Supplemental Figure S2 ).
These clean reads were mapped to several filter databases and were mapped to miRbase (V14.1) afterwards. As is shown in Table 2 , 9391 unique tags matching to 4829 881 reads in DORs and 8313 unique tags matching to 4643 545 reads in NORs were identified as known miRNAs. The composition of small RNA sequences revealed that rRNAs were the most abundant small RNA class in CCs derived from human MII oocytes, following were miRNAs and tRNAs (Table 2) .
Piwi-interacting RNA expression profiles and differentially expressed Piwi-interacting RNA To characterize piRNA expression profiles, piRNA in the human genome were predicted, and short sequence reads were aligned to the human genome to profile the abundance of conserved piRNA across species from our small RNA library. In total, 62 563 and 47 362 reads corresponding to conserved piRNA sequences were identified in the CCs from MII oocytes of DOR and NOR patients, respectively ( Table 2 ). In both DOR and NOR groups, most of the identified piRNA reads were located on chromosome 6 ( Figure 2A ). Sense-strand bias of piRNA distribution, especially on chromosome 6, was observed in this study. The patterns of chromosomal strand bias between NOR and DOR displayed differences on certain chromosomes, such as on chromosome 1, 3, 5, and X ( Figure 2A ).
To determine the differentially expressed piRNAs, the counts of piRNAs were first normalized based on the total number of all of the clean reads mapped onto the genome in DOR and NOR samples, respectively, and then compared between the DOR and NOR. Therefore, 26 piRNAs were identified differentially expressed between DOR and NOR (fold change > 2 and P value < 0.05), with five downregulated and 21 upregulated piRNAs in DOR ( Figure 1A , Table 3 and Supplemental Table S3 ). To validate the expression pattern of piRNAs detected by NGS technology, 13 known piRNAs representing three types of expression patterns (upregulated, downregulated, and no difference) were randomly selected for quantification by real-time RT-PCR ( Figure 3A) . The expression patterns of all piRNAs measured by quantitative real-time PCR were consistent with the results obtained from NGS technology, which indicated that the identification of differentially expressed piRNAs in this study was reproducible.
Chromosome location, expression level, and enzymatic modification of known micro RNAs
The distribution patterns of known miRNAs on different chromosomes were quite similar in NOR and DOR groups. Over 35% mappable miRNA reads were located on chromosome X, over 15% on chromosome 9, over 5% on chromosome 1 and 17 respectively, as well as chromosome 3,7,12 with near 5% mappable miRNA reads ( Figure 2B) . Most of the known miRNAs were expressed equivalently in DORs and NORs ( Figure 1B , red spots). The miRNAs with similar expression patterns in NOR and DOR were also validated with quantitative RT-PCR, and the results were consistent with NGS data ( Figure 3B) .
Recently, it has been reported that miRNAs exhibit posttranscriptional 5 or 3 end trimming, 5 or 3 end additions of nucleotides, and nucleotide substitutes at different positions of the mature miRNA without a template [48] [49] [50] . These miRNA modifications and the miRNA editing may increase miRNA stability or strengthen the miRNA-targeted mRNA interaction thus may be involved in regulatory processes [50] . We also analyzed the modifications and editing of miRNAs in both NOR and DOR group in our study (Supplemental Tables S4 and S5 ). The miRNAs of let-7 Most piRNA short reads were mapped to chromosome 6 in both groups, and the strand distribution of short piRNA reads on chromosome 6 demonstrates strong strand bias. Most miRNA short reads were mapped to chromosome X in both groups, and the strand distribution of short miRNA reads on chromosome X and 9 demonstrates strong strand bias.
family showed most abundant expression with a significant amount of miRNA modification and editing.
Differential expression of known miRNAs
To identify the differentially expressed miRNAs, the counts of each type of miRNA were first normalized based on the total number of all the clean reads. The miRNA expression profiles in DORs and NORs are presented by volcano plots ( Figure 1B ). There are 79 annotated miRNAs which are differentially expressed between DORs and NOR (Table 3 and Supplemental Table S6 ). To validate the expression pattern of miRNAs, 13 known miRNAs representing three types of expression patterns (upregulated, downregulated, and no difference) were randomly selected for quantification by real-time PCR (Figure 4) . The expression patterns of miRNAs measured by quantitative real-time PCR were consistent with the results obtained from NGS technology, confirming that the identification of differentially expressed miRNAs in this study is reliable. Multiple microRNA clusters are affected in diminished ovarian reserve cumulus cells
The miRNA genes are distributed across chromosomes either individually or in clusters. An miRNA cluster is a group of miRNA genes located within a short distance on a chromosome. Based on miRBase database (http://www.mirbase.org) definition, clustered miRNAs are a group of miRNA genes located within 10 Kb of distance on the same chromosome. We examined the genomic location of the 79 differentially expressed mature miRNAs and found that 26 of the differentially expressed miRNAs were in miRNA clusters and the rest were individually distributed.
The miRNA genes that correspond to the 26 miRNA mature forms are in 22 clusters. After excluding the unexpressed miRNA coordinates (0 reads in both DOR and NOR) and similarly expressed mature miRNAs (P > 0.05), we examined changing direction of all clustered miRNA genes with statistically significant changes on the expression level of their corresponding mature miRNAs. In clusters with only two significantly changed miRNA genes, half of them changed in the same manner, while the rest did not (Figure 4) . The strand position also matters, three out of four clusters with stranddifferent miRNA genes performed in opposite manners, while this proportion in clusters with one-stranded miRNA genes was only two out of six (Figure 4 ). For clusters with more than two significantly changed miRNA genes, conditions are more complicated. We found a cluster with five genes changed all in the same direction ( Figure 5B ), two clusters with two out of three genes upregulated and the rest one downregulated (Figure 5A ), as well as one cluster with three upregulated and five downregulated genes ( Figure 5C ).
Prediction of the microRNA targeted genes and pathways
After the detection of differentially expressed miRNAs between NOR and DOR, the targeted genes, signaling pathways, and biological functions of these miRNAs were predicted. The putative target genes of the differentially expressed miRNAs were predicted with the criteria described in the Materials and Methods section.
Afterwards, GO analysis was used to enrich the involved biological pathways from the predicted targets. Gene Ontology analysis revealed that the predicted targets of differentially expressed miRNAs were involved in a broad range of biological processes (Supplemental Table S7 ), which included regulation of translational fidelity, chromatin assembly, actin cytoskeleton organization, cyclin-dependent protein kinase 5 activator activity, insulin receptor bindings, adherents junction, etc. It is noteworthy that meiosis-associated biological process, meiotic cohesion complex, was highly enriched by GO analysis (Supplemental Table S7 ). The biological pathways of predicted miRNA targeted genes were enriched by KEGG pathway analysis [47] . KEGG pathway analysis enriched several signaling pathways, including terpenoid backbone biosynthesis, mTOR signaling pathway, autoimmune thyroid disease, aldosterone-regulated sodium reabsorption, and arrhythmogenic right ventricular cardiomyopathy (Table 4) .
We selected nine mRNAs from enriched KEGG pathway and GO analysis to examine their expression level changes via quantitative RT-PCR ( Figure 6 ). Expression levels of the nine mRNAs (IDI1, CASP8, GLUD1, MVD, EIF4EBP1, SMC3, CDH2, ATP1A4, FOXO3) are all significantly changed between DOR and NOR group. FOXO3 expression level showed the most drastic change (downregulated more than 10 folds).
Identification of novel microRNAs
The NGS techniques have revolutionized the identification of low expression and novel small RNAs with high sensitivity and accuracy. To detect more potential miRNAs in human cumulus, the unclassified reads were further processed using Mireap and MiRD (http://sourceforge.net/projects/mireap). The novel miRNAs with read counts greater than 100 were predicted by Mireap and MiRD, and were defined as candidate novel mature miRNAs. The novel miRNA genes encoding those mature miRNAs were identified consequently. The novel miRNAs in NOR and DOR are listed in Table 5 . There are 43 novel miRNAs identified in this study, most of them (30/43) were expressed at similar level between two groups, 5 were expressed differentially (fold change> 2 and P value < 0.05), and the remainder novel miRNAs were expressed in only one group but not in both (Table 5) .
Discussion
Folliculogenesis is a multifaceted and tightly regulated process and any disruption of this process would affect ovarian reserve [10, 51] . Compared to the well-illustrated mechanisms of oocyte development, few contributing factors have been determined to be involved in the dysfunction of follicular granulosa cells. Recent evidence suggests that ovarian granulosa cells are strictly regulated post-transcriptionally, with small RNAs as the key regulators at this level [23, 52] . Thus, exploring expression profiles of small RNAs in human CCs facilitates the understanding of their regulatory roles in follicle development and ovarian function.
Piwi-interacting RNAs are small noncoding RNAs that can have significant implications for germ cell development and function. At 2006, piRNAs were recognized as a distinct class of small silencing RNAs that derive from single-stranded precursors [53] [54] [55] . Piwiinteracting RNAs are expressed predominantly in Drosophila and Mus musculus gonads, and disruptions in their expression can cause severe defects of gametogenesis [56] [57] [58] . Recent study also suggests that the function of piRNA pathway is conservatively active during mammalian spermatogenesis and oogenesis, as well as in somatic gonadal cells [59] . Whereas compared to miRNA, the roles of the Piwi/piRNA pathway in mammalian oogenesis are still less understood, and characterization of piRNA expression in human CCs is still lacking.
As well as abundantly expressed in germ cells, piRNAs have recently been demonstrated to be expressed in somatic cells surrounding developing oocytes in Drosophila [60, 61] . Similarly, our data demonstrate the existence of conserved piRNA in human CCs surrounding oocytes. We found that conserved piRNA in CCs occupy 0.67%-0.79% of all annotated small RNA sequences (Table 2) . Communications between oocytes and their surrounding CCs take place throughout the whole process of follicle development and are critical for oocytes to be competent for the subsequent fertilization and embryonic development [62] [63] [64] . This knowledge may provide partial explanation for the existence of what were thought to be germline-specific piRNAs expressed in CCs, as also occurs in Drosophila [60, 61] , or the potential that expression could occur in either oocytes or the surrounding cumulus and be transported into the each other.
In mice, piRNA are encoded in clustered genomic loci, and most piRNA are found to be just on one chromosomal strand [57] , showing cluster chromosomal distribution and strong chromosomal strand bias. In this study, most conserved piRNA reads and their genomic loci are on chromosome 6. The distribution pattern of conserved piRNA reads on chromosome 6 also demonstrates sensestrand bias in human CCs. The observation of strand bias of conserved piRNA on chromosome 6 is consistent with other observations in mice but not with the observations in pigs [57, 65] . There are three types of piRNA genes: piRNAs from transposon, mRNAderived piRNAs from 3 UTRs, and piRNAs from long noncoding transcripts [53] . The precursors of transposon-derived piRNAs are typically transcribed from both genomic strands and produce both sense and antisense piRNAs. In contrast, mRNA-derived piRNAs are always sense to the mRNA from which they are processed. Long noncoding RNAs (lncRNAs) produce piRNAs from the entire transcript. Variation between species in preference of piRNA producing mechanism could contribute to the different pattern of strand orientation. There are also different patterns of chromosomal strand bias between NOR and DOR samples, suggesting alternative mechanisms of regulation depending on ovarian reserve.
The differentially expressed piRNAs between NOR and DOR samples were identified in this study. Of all 27 differentially expressed piRNAs, 5 are decreased in DOR and 22 are increased in DOR. In addition to protecting germ cell genome stability by silencing specific genetic elements [66] , recent studies have demonstrated new roles of the piRNA pathway in different cellular processes, including regulation of maternal mRNA deadenylation and decay in the developing embryo [21] , telomere protection [67] , and involvement in phenotypic variation of embryonic development [68, 69] . The different genomic organization and expression pattern of piRNAs between NOR and DOR CCs may provide useful information for future studies to determine the potential involvement of specific piRNA in female germ cell development and ovarian reserve.
Several studies on miRNAs expression have been done on the plasma of POI patients, but little was known regarding the involvement of miRNAs in the pathophysiology of DOR. In this study, we detected 799 known miRNAs in CCs. Comparing miRNAs expression profiles between NOR and DOR group, we identified 79 differentially expressed miRNAs, including 29 increased and 50 decreased in DOR. There are some data relating to altered expression of plasma miRNA in POF patients by miRNA microarray analysis [70] . MiR-342-3p is the overlap of the differentially expressed miRNAs profile between our study and this previous study, suggesting the potential role of miR-342-3p in the etiologies of both DOR and POF. Compared with our data, the data from the rat POF model show no overlap of the differentially expressed miRNAs at all [71] . The differences between human and model animals suggest the underlying different mechanism of ovarian reserve regulation between human and rodents. Thus, for further exploring of molecular mechanism of human ovarian reserve regulation, studies focused on human cell strains or tissues would be necessary.
This study demonstrated that the chromosome encoding the highest number of miRNA reads was chromosome X, followed by chromosomes 9, 1, 17 ( Figure 2B ). Some miRNA genes also appeared as clusters on chromosomes. However, the physiological significance of multiple miRNA genes located within the same cluster remains unknown. One plausible explanation is that they are derived from the same pri-miRNAs, which are transcribed under the control of the same promoters. The coproduction of these miRNAs may also suggest that they are functionally related. By comparing the genomic structure of a miRNA cluster region on X chromosome in human with four primates (chimpanzee, orangutan, rhesus macaque, and marmoset), researchers observed rapid sequence evolution of the miRNAs in this region, which highlighted important functions of these miRNAs in primates [72] . One of the advantages of the NGS technology would be the possibility to evaluate miRNA editing events. David Bartel's group described several mouse miRNAs that were edited to a significant level in adult mouse brain and testis [73] . Likewise, we also found some miRNAs with editing events in this study (Supplemental Table S4 ). Furthermore, the differential level of the 3p (0.00043) vs 5p (0.00057) reads could be related to the level of editing observed. The miRNAs of let-7 family showed most abundant expression with a significant amount of miRNA modification and editing, suggesting that the diversification of miRNA editing and function of let-7 family members in CCs might play important roles in folliculogenesis and oocyte development (Supplemental Tables S4  and S5) .
Another important question we addressed in this study concerns the regulation of the genes and pathways. We focused on the bioinformatic analysis of differentially expressed miRNAs, since each miRNA has been predicted to have a broad range of target mRNA [74] . We would like to identify the molecular networks and the biological functions associated with the putative target genes. It is noteworthy that mTOR signaling pathway (hsa04150) is enriched in this study. And the key regulator of mTOR signaling pathway FOXO3 is significantly downregulated in DOR group. Given the key role of mTOR signaling pathway in controlling activation of primordial follicles and in mechanisms of premature ovarian failure [75] , our results suggest that DOR could share common pathogenesis with POF/POI. Cell-cell junction, adherent adequate bidirectional CC-oocyte communication, is pivotal for both oocyte and CC competence [76] [77] [78] . Interactions between CCs and oocytes involve both gap junctions and paracrine signaling factors. Gap junctions allow transfer of small molecules and facilitate exchange of glucose metabolites and ions between the CCs and oocytes [79] . Assou group has demonstrated that miRNAs could play a role in the regulation of oocyte and CC cross-talk [28] . In this study, the bioinformatic analysis and the qRT-PCR results demonstrated that CDH2 was significantly downregulated in DOR CCs and also suggest that miRNAassociated cell-cell communication system might be involved in DOR pathogenesis.
Conclusions
This study analyzed the comprehensive profile of small noncoding RNAs in CCs of DOR and NOR patients by high-throughput sequencing. Differentially expressed miRNAs and piRNAs were identified by bioinformatic analysis. Target genes of these differentially expressed miRNAs provided additional information on the defects of DOR. Future investigations will involve the characterization of specific functional roles of noncoding small RNA in ovarian reserve regulation.
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Supplemental Figure S1 . The snRNA (A), rRNA (B), and snoRNA (C) expression profiles in cumulus cells of DOR and NOR group are presented by volcano plots. The red point in the plot represents the similarly expressed small RNAs without statistical significance, while the blue point in the plot represents the differentially expressed (fold change > 2 and P value < 0.05) small RNAs with statistical significance.
Supplemental Figure S2 . The length distribution of clean reads which are acquired in this study.
Supplementary Table S1 . Characteristics of each RNA samples. Supplementary Table S2 . Primers of quantitative PCR. Supplementary Table S3 . List of significantly differentially expressed piRNA.
Supplementary Table S4 Supplementary Table S6 . The differentially expressed known miRNAs between DOR and NOR.
Supplementary Table S7 . GO analysis for predicted targets of differentially expressed miRNAs between DOR and NOR.
